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This study proposes a new combination method of using 6-arm-PEG-catechol to enhance the PEG effect 
on one hand and another combination of using low doses of Tacrolimus (FK506) and anti-CD154 mAb 
(MR1) with PEGylation for effective immunoprotection on the other in a xenogenic islet transplantation 
model. The surface coverage of PEG, viability and functionality of islets were evaluated in vitro, and the 
effect of surface camouflage on immunoprotection for transplanted islets was evaluated. In addition, the 
synergistic effects of surface camouflaged islets with low doses of immunosuppressant drugs, such as 
FK506 and MR1, were evaluated in the xenotransplantation model. The median survival time (MST) of 
6-arm-PEG-catechol grafted islets (12.0 ± 1.1 days) was not significantly increased, compared to that of 
unmodified islets (10.5 ± 1.3 days). However, when 0.2 mg/kg of FK506 was daily administered, the MST 
of 6-arm-PEG-catechol grafted islet (21.0 ± 1.9 days) was increased twice, compared to that of 
unmodified islets treated with 0.2 mg/kg of FK506 (10.0 ± 0.9 days). Interestingly, when the recipients of 
6-arm-PEG-catechol grafted islets were treated with 0.2 mg/kg of FK506 and 0.1 mg/mouse of MR1, 
normoglycemia was maintained up to 50 days of transplantation without any fluctuation of glucose level. 
Therefore, a newly developed protocol using 6-arm-PEG-catechol with FK506 and MR1 would certainly 
be an effective combination therapy for the treatment of type 1 diabetes. 

© 2011 Elsevier Ltd. All rights reserved. 


1. Introduction 

Pancreatic islet transplantation is a promising method to treat 
type 1 diabetes, albeit transplanted islets are susceptible to rejec¬ 
tion by the immune reaction. To protect the transplanted islets 
against immune reactions, several kinds of immunosuppressant 
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drugs such as tacrolimus and sirolimus should be administered. In 
this regard, the ‘Edmonton protocol’ has been accepted as one of 
the best protocols outlined for clinical islet transplantation [1,2]. 
However, a long-term immunosuppressive therapy is accompanied 
by several adverse effects such as nephrotoxicity, neurotoxicity, 
infectious disease, hypertension, etc. [3-5]. In addition, Shapiro 
et al. reported that only below 10% of patients under the Edmonton 
protocol achieved insulin independence after 5 years of trans¬ 
plantation [1 ]. Thus, a new immunosuppressive remedy has been in 
need to enhance the immunoprotection efficacy with reducing 
adverse effects of immunosuppressive drugs. 

As a method for preventing host immune cell infiltration into 
transplanted islets, microencapsulation of islets has been proposed. 
However, the relatively large size of microcapsules influenced the 
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consequential limitation of mass and oxygen transports, and the 
size of microencapsulated islets was not suitable for trans¬ 
plantation via hepatic portal vein. Also, alginate, a general material 
for microencapsulation of islets, was known to induce the inflam¬ 
mation because of its impurity [6,7]. On the other hand, the surface 
camouflage of islets using poly(ethylene glycol) (PEG) [8—11], 
heparin [12,13] and chitosan derivatives [13] have been proposed as 
promising methods for preventing immune responses. Cabric et al. 
reported that modification of islet surface using heparin protected 
the islet acute immune reaction by innate immune system in an 


intraportal islet transplantation [12,14]. Teramura et al. reported 
surface modified islet using poly(ethylene glycol)-phospholipid 
conjugates (PEG-lipid) for improvement of graft survival in an 
intraportal transplantation. It was reported that the survival time of 
PEG-lipid grafted islets was slightly longer than the control islets 
when the recipient was transplanted with 500 islets (PEG-lipid 
grafted islets; 5.0 ± 0.9 days, control islets; 1.8 ± 1.6 days, P < 0.01); 
however, the survival time of grafted islets was not sufficiently 
increased [15]. Therefore, polymeric therapy like a surface modifi¬ 
cation strategy did not perfectly protect the host immune reaction 
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Fig. 1 . (a) Synthesis of 6-arm-PEG-catechol from 6-arm-PEG-amine. (b) Schematic representation illustrating the interaction between 6-arm-PEG-catechol and collagen matrix of 
the islet surface. 
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Fig. 2. (a) Live/dead cell image of unmodified (control) and 6-arm-PEG-catechol grafted islets (0.25%, 1%, and 5%) (b) The relative viability of unmodified and 6-arm-PEG-catechol 
grafted islets (0.25%, 1%) using CCK-8 assay (n = 4). (c) OCR/DNA value of unmodified and 6-arm-PEG-catechol grafted islets (0.25%) (n = 3). 


and cytokine attack activated by immune system. We have reported 
on the limitation of surface camouflage of islets for protection 
against immune reactions and improved the survival graft time of 
monomethoxy-poly(ethylene glycol)-succinimidyl propionate 
(mPEG-SPA) grafted islets with the treatment of Cyclosporin A in 
allotransplantation [16]. 

In this study, we assumed that the catechol moiety anchored 
6-arm-PEG (6-arm-PEG-catechol) could be more highly packed on 


the islet surface compared to the linear PEG. Hence we propose that 
it could effectively prevent immune cell infiltration and activation 
in xenotransplantation. In addition, catechol moieties, extracted 
from adhesive protein of mussel, were conjugated to the functional 
end group of 6-arm-PEG in order to effectively conjugate PEG 
molecules to the islet surface. Furthermore, to evaluate the ability 
of applying this surface camouflage system to clinical study, we 
assume that it would be possible to expand the synergistic effect if 
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Fig. 3. (a) Confocal fluorescence images of FITC-linked 6-arm-PEG-catechol grafted islets and (b) fluorescent intensity of dark area on the merge image. 
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Fig. 4. (a) The glucose stimulated-insulin secretion (GSIS) of unmodified and 6-arm-PEG-catechol grafted at low (white bar, 2.8 mM) or high (Black bar, 28 mM) glucose solution for 
2 h (n = 5) (b) Stimulation index (SI) of unmodified and 6-arm-PEG-catechol grafted islets (n = 5). Data were expressed as mean of ±SEM. 


we use this 6-arm-PEG-catechol grafting technique in combination 
with low doses of the immunosuppressive drugs. In this study, 
a low dose of Tacrolimus (FK506), a calcineurin inhibitor, was used 
to prevent generation of cytokines from different immune cell 
activation. Anti-CD154 monoclonal antibody (MR1) was also used 
to inhibit the activation of CD4 + T cell that is triggered by indirect 
immune activation pathway in xenotransplantation. Here, we 
suggested a convergent protocol using surface camouflage tech¬ 
nique and low doses of immunosuppressive drugs to improve islet 
xenograft survival rate. 

2. Research design and methods 

2.1. Synthesis scheme of 6-arm-PEG-catechol 

Six-arm-PEG-amine (1 g, mw 15 kDa) was dissolved in 10 ml of N- 
methylpyrrolidone (NMP) at 60 °C for 10 min. DHCA (3,4- 
dihydroxyhydrocinnamic acid, 0.8 mmol), benzotriazole-l-yl-oxy- 
tris(dimethylamino)-phosphonium hexafluorophosphate (BOP, 
0.8 mmol), 1-hydroxybenzotriazole (HOBt, 0.8 mmol) and N,N- 
diisopropylethylamine (DIPEA, 0.8 mmol) were dissolved in 5 ml of 
NMP in separate vials. First, both PEG and DHCA solutions were reacted 
at room temperature for 6 h, followed by reacting with BOP, HOBt and 
DIPEA until Ninhydrin assay showed a negative result. The reacted 
solution was dialyzed (MWCO 8 kDa) in acidified distilled water 
(pH = 1-2) to prevent catechol oxidation, followed by lyophilizing. 

2.2. Animals 

Inbred male C57BL/6 mice (7-8 weeks of age) were used as 
recipients and male Sprague-Dawley (SD) rats (8 weeks of age) 
were used as donors. They were purchased from Orient Bio Inc. 
(Seongnam, South Korea) and were housed under a specific 
pathogen-free condition. Diabetes mellitus was chemically induced 
in C57BL/6 mice by a single intraperitoneal injection of 180 mg/kg 
of streptozocin (STZ) (Sigma, St. Louis, MO). Mice, which exhibited 
the glucose level over 300 mg/dl for two consecutive days, were 
selected as diabetic recipients for transplantation. All experimental 
and surgical procedures were carried out according to the guide¬ 
lines of the Institute of Laboratory Animal Resources, Seoul 
National University (IACUC no. SNU-070822-5). 

2.3. Islet isolation and 6-arm-PEG-catechol grafting 

Pancreatic islets were isolated from outbred male SD rats by 
digestion of the pancreas using collagenase (Sigma, St. Louise, MO) 
and purification using discontinuous Ficoll™ PM400 (Amersham 
Biosciences AB, Uppsala, Sweden) density gradient centrifugation. 
Isolated islets were then cultured for 2 days in the RPMI-1640 culture 


medium (Sigma) containing 10% fetal bovine serum (FBS; Sigma) at 
37 °C under the humidified atmosphere containing 5% CO 2 . Firstly, the 
isolated islets were washed twice with the Hank’s balanced salt 
solution (HBSS; pH 8.0), and then 6-arm-PEG-catechol was grafted 
onto the islet surface. The 6-arm-PEG-catechol grafted islets were 
then suspended in 10 ml of HBSS (pH 8.0) containing 25 mg, 100 mg 
and 500 mg of 6-arm-PEG-catechol (0.25,1 and 5%, w/v). 

2.4. Cell viability 

Viability of islets was qualitatively analyzed by Live/Dead 
Viability/Cytotoxicity Kit assay (Molecular Probes, Eugene, OR). 
Since the activity of intracellular esterase causes non-fluorescent 
cell-permeant calcein AM to become intensely fluorescent, the 
viable islets then produce an intense uniform green fluorescence. 
Ethidium homodimer (EthD-1) enter into the damaged islet 
membrane and then bind to nucleic acids, thereby producing a red 
fluorescence in the dead islets. Islets were cultured in the RPMI- 
1640 culture medium containing 10% fetal bovine serum for 3 
days at 37 °C under the humidified atmosphere containing 5% C0 2 . 
These islets were washed twice with HBSS, followed by suspending 
in 1 ml of HBSS containing 2 pi of 50 pM calcein AM working 
solution and 4 pi of the 2 mM EthD-1 for 15 min at room temper¬ 
ature. The islets stained with calcein AM and EthD-1 were observed 
under light microscope (Eclipse TE2000-S, Nikon, Japan). 

The viability of islets was also quantitatively analyzed by Cell 
Counting Kit-8 (CCK-8) assay. The suspended islets (50 islets/well) 
were dispensed into a 96-well culture plate and treated with 10 pi of 
WST-8 [ 2-(2-methoxy-4-nitorphenyl )-3-(4-nitrophenyl )-5-(2,4- 
disulfophenyl)-2H-tetrozoium, monosodium salt]. The islets treated 
with WST-8 solution were incubated for 2.5 h and the absorbance was 
measured at 450 nm using a microplate reader. The viability of islets 
was also measured by the oxygen consumption rate (OCR) as follows: 
four hundreds islets were suspended in HBSS and 200 pi of suspended 
solution was added into a stirred titanium chamber (MicroOxygen 
Uptake System FO/SYSZ-P250, Plymouth meeting, Instech Laborato¬ 
ries, PA) at 37 °C. Oxygen partial pressure was recorded with a fluo¬ 
rescence based oxygen sensor (Neofox; Ocean Optics, FL) with time. 
The OCR data were normalized by DNA contents of each chamber. 

2.5. Six-arm-PEG-catechol grafting onto the islet surface 

Fluorescein isothiocyanate (FITC) linked 6-arm-PEG-catechol was 
immobilized to evaluate the distribution of 6-arm-PEG-catechol on 
the surface of islets. The molecule of FITC was reacted with 20% of 
amine residue in 6-arm-PEG-amine and the remaining amine residue 
was saturated by catechols. The immobilization of FITC-linked 6-arm- 
PEG-catechol was prepared by suspending freshly isolated islets in 
HBSS (pH 8.0) solution containing FITC-linked 6-arm-PEG-catechol 
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Fig. 5. Non-fasting blood glucose level after islet transplantation into diabetic mice, (a) unmodified islet recipients (n = 8), (b) 6-arm-PEG-catechol grafted islet recipients (n = 9), 
(c) unmodified islet recipient with FK506 treatment (n = 7), (d) 6-arm-PEG-catechol modified islet recipients with FK506 treatment (n = 8), (e) Graft survival rate of each group. 
(▼) unmodified islets recipients, (•) 6-arm-PEG-catechol grafted islets recipients, (O) unmodified islets recipients with FK506 treatment and (A) 6-arm-PEG-catechol grafted 
islets recipients with FK506 treatment. 

(0.25%, w/v). FITC intensity was measured using a laser scanning value was calculated by dividing the amount of insulin secreted at 
confocal microscope (LSM510, Carl Zeiss, Germany). a high glucose solution by that at a low glucose solution. 


2.6. Glucose-stimulated insulin secretion (GSIS) assay 

Six-arm-PEG-catechol modified and unmodified islets were 
suspended in Krebs-Ringer bicarbonate buffer (KRBB; pH 7.4) 
containing 2.8 mM glucose, respectively. Then, 100 islets were plated 
into a 24-well culture plate containing a millicell culture plate insert. 
After pre-culture at 37 °C for 1 h under the humidified atmosphere 
containing 5% CO 2 , the medium was exchanged with the same buffer 
to measure glucose stimulated insulin secretion during 2 h incuba¬ 
tion in KRBB containing a low glucose solution (2.8 mM). Then, the 
medium was exchanged again with KRBB containing a high glucose 
solution (28 mM) for 2 h. After incubation of the islets, the secreted 
amount of insulin from each samples were measured using a rat/ 
mouse insulin ELISA kit (Millipore, MA). The stimulation index (SI) 


2.7. Xenotransplantation of rat islets into diabetic mice 

Chemically induced diabetic C57BL/6 mice were anaesthetized 
by intraperitoneal injection with ketamin 80 mg/kg and xylazine 
16 mg/kg. The left kidney of the recipient was exposed thorough 
the lumbar incision. Six-arm-PEG-catechol modified islets and 
unmodified islets (300 IEQ) were transplanted on the left kidney 
capsule. After islet transplantation, both body weight and non¬ 
fasting blood glucose concentrations were monitored from tail 
veins of mice using a portable glucometer (Super glucocard II, 
Arkray, Kyoto, Japan). The islet transplantation was considered 
a success if the blood glucose level was lower than 200 mg/dl for 
two consecutive days, and the transplanted islets were considered 
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Fig. 6. Immunohistochemical analysis of transplanted islets when treated with FK506. 


as rejected if the blood glucose concentration was higher than 
200 mg/dl for two consecutive days. 

In addition, intraperitoneal glucose tolerance test (IPGTT) using 
20% glucose solution (Sigma) was performed to evaluate the 
glucose responsiveness of the transplanted islets at day 50 of 
transplantation. Examined groups were fasted at least for 6 h before 
the experiment with free access to water prior to the glucose 
tolerance test. A solution of 20% D-glucose (10 fil/g) was injected 
into the peritoneal cavity and the change of the blood glucose was 
measured from the tail vein at different time interval. 

Synergistic effects of FK506 (Prograf®, Astellas Pharmaceuticals, 
Chicago, IL), MR1 (anti-CD154 mAh, BioXcell, West Lebanon, NH) 
and PEGylation on immunoprotection of transplanted islets were 
evaluated as follows: Recipients were daily administered intra- 
peritoneally 0.2 mg/kg of FK506 diluted with 200 ul PBS (pH 7.4). 
Separately, MR1 (0.1 mg/mouse) was intraperitoneally injected into 
recipients on 0, 2, 4, and 6 days of post-transplantation. 

2.8. Immunohistochemistry 

The left kidney containing the transplanted islets was retrieved, 
and it was fixed in neutral 4% paraformaldehyde-phosphate-buffered 
saline, embedded in paraffin and sectioned at 4 pm. The tissue 
sections were deparaffinized in xylene and then rehydrated in serially 
graded alcohol. Insulin antigen retrieval consisted of heating in 10 mM 
citrate buffer of pH 6.0 by microwaves (5 min, 3 times, 700 W), and 
then cooling to room temperature for 20 min. After washing with 
distilled water, the slides were preincubated in 4% bovine serum 
albumin and dextran solution for 30 min to reduce nonspecific 


binding. The slides were incubated for 1 h at room temperature with 
mouse monoclonal anti-insulin (Abeam Inc., Cambridge, MA), anti- 
CD20 + (Santa Cruz Biotechnology Inc., Santa Cruz, CA), anti-CD4 + 
(Abeam Inc.), and anti-CD8a + (BioLegend) at a 1:50,1:40,1:1000 and 
1:100 dilution in a humidified chamber, respectively. After washing, 
the tissue sections were observed with a peroxidase labeled polymer 
conjugated to goat anti-mouse immunoglobulins in Tris-HCl buffer 
(Envision plus System-HRP labeled polyer; Dako, Glostrup, Denmark), 
which was incubated for 30 min at room temperature. Slides were 
washed, and the chromogen was developed for 5 min with liquid 
3,30-diaminbenzidine (Dako). The slides were counterstained with 
Mayer hematoxylin. Negative controls were treated similarly with the 
exception of primary antibodies. 

2.9. Statistical analysis 

Survival time of transplanted islets were analyzed as median 
± SEM. Cell viability and insulin secretion test analysis were 
expressed as mean ± S.D. Statistically analysis was carried out using 
the unpaired t-test or ANOVA one-way test. A p value of less than 
0.05 was considered to be statistically significant. 

3. Results 

3.1. Characterization of 6-arm-PEG-catechol grafted islets 

Six-arm-PEG-catechol was prepared by HOBt/BOP coupling reac¬ 
tion between the amine groups of 6-arm-PEG-amine and the 
carboxylic group of 3,4-dihydroxyhydrocinnamic acid. The reaction 
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Fig. 7. Non-fasting blood glucose level after islet transplantation into diabetic mice, (a) unmodified islet recipients with MR1 treatment (n = 9), (b) 6-arm-PEG-catechol grafted islet 
recipients with MR1 treatment (n = 8), (c) unmodified islet recipients with FK506 treatment and MR1 (n = 9), (d) 6-arm-PEG-catechol modified islet recipients with FK506 and MR1 
treatment (n = 10), (e) Graft survival rate of each group. 


was monitored by Ninhydrin test, indicating that all amine groups of 6- 
arm-PEG molecule were reacted with 3,4-dihydroxyhydrocinnamic 
acid. FITC-linked 6-arm-PEG-catechol was also prepared to visualize 
surface modifications of islets. By Ninhydrin test and 3,4- 
dyhydroxyhydrocinnamic standards (A 280 ), about 20% amine groups 
of 6-arm-PEG-amine were coupled with FITC. The reaction between 6- 
arm-PEG-catechol and collagen matrix of the islet surface was illus¬ 
trated in Fig. 1. The cytotoxicity of 6-arm-PEG-catechol against islets 
was visually evaluated using a LIVE/DEAD Viability/Cytotoxicity Kit. 
The endocrine cells composing the outer layer of islets were visibly 
dead when they were suspended in the HBSS solution containing 1 
and 5% of 6-arm-PEG-catchol. Cell viability of 1% 6-arm-PEG-catechol 
grafted islets was 81.2 ± 21.4% when measured using CCK-8. However, 


islets grafted with 0.25% of FITC labeled 6-arm-PEG-catechol showed 
green fluorescence even at the outer layer of surface (Fig. 2A,B). Most of 
the single islet cells were alive after the 6-arm-PEG-catechol immo¬ 
bilization. The PEG incubation time was optimized as 1 h from our 
previous study [17]. One-hour incubation time was sufficient to cover 
the whole surface of islets. Therefore, for optimal PEGylation condi¬ 
tion, the concentration of 6-arm-PEG-catechol was set at 0.25% and 
incubated for 1 h incubation. 

The viability and functionality tests were performed using 0.25% 
6-arm-PEG-catehol grafted islets. Both Cell Counting Kit-8 assay 
and OCR/DNA assay demonstrated that the cell viability of 6-arm- 
PEG-catechol grafted islets were 105.0 ± 17.2% and 101.8 ± 3.1%, 
compared to that of unmodified islets, respectively (Fig. 2B, C). 
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Fig. 8. Immunohistochemical analysis of transplanted 6-arm-PEG-catechol grafted islets when treated with FK506 and MR1. 


There was no statistical difference in the cell viability between 6- 
arm-PEG-catechol grafted islets and unmodified islets. Therefore, 
it was confirmed that the surface camouflage using 6-arm-PEG- 
catechol did not affect the viability of islets. 

To confirm the degree of cell coverage, the distribution profile of 
FITC-linked 6-arm-PEG-catechol grafted islets was observed under 
confocal laser scanning microscopy (CLSM). As shown in Fig. 3A, 
6-arm-PEG-catechol was mostly grafted on the surface of islets. The 
optimized PEG concentration and incubation time prevented the 
diffusion of PEG molecule inside the islets. The fluorescence intensity 
of projection image indicated that the FITC-linked 6-arm-PEG-cate- 
chol was evenly distributed to the whole surface of islets (Fig. 3B). 
However, the surface of islets was not smooth and some PEG aggre¬ 
gates were found on the surface and this is due to the reactivity of 
catechol moieties unbound to the collagen matrix of islets. They 
reacted with adjacent catechol moieties and formed aggregates on the 
surface of islets. 

3.2. Glucose-stimulated insulin secretion from 6-arm-PEG-catechol 
grafted islets 

The glucose-stimulated insulin secretion was measured to 
evaluate the ability of 6-arm-PEG-catechol grafted islets to control 



Fig. 9. The intraperitoneal glucose tolerance test (IPGTT) of normal mice (#) (n = 6), 
diabetic mice (O) (n = 6), 6-arm-PEG-catechol grafted islets recipients treated with 
FK506 and MR1 (y) 50 days after transplantation. Data were expressed as 
mean ± SEM (n = 10), (*P < 0.01 vs. diabetic group, t-test). 


the insulin release in response to glucose. There was no significant 
difference in an insulin release between unmodified islets and 
6-arm-PEG-catechol grafted islets. At a high glucose concentration, 
the secretion rates of insulin from 50 unmodified islets and 50 
6-arm-PEG-catechol grafted islets were 37.29 ± 17.55 ng/h and 
34.50 ± 19.28 ng/h, respectively (Fig. 4A). The stimulation index (SI) 
values of unmodified islets and 6-arm-PEG-catechol grafted islets 
were 4.4 ± 1.1 and 6.1 ± 1.4, respectively (Fig. 4B). These SI values 
were not statistically different, and this result indicated that the 
grafted 6-arm-PEG-catechol did not affect the functionality of islets 
for releasing insulin. 

3.3. Islet transplantation in diabetic mice 

To evaluate the therapeutic potential of 6-arm-PEG-catechol 
grafted islets, the islets were transplanted under the left kidney 
capsule of chemically induced (STZ) diabetic mice, followed by 
measuring non-fasting blood glucose levels of recipients (Fig. 5). 
The median survival times (MST) of unmodified islet and 6-arm- 
PEG-catechol grafted islets were 10.5 ± 1.3 days and 12.0 ± 1.1 days 
(median ± SEM, p < 0.05), respectively. Although the MST of 6-arm- 
PEG-catechol grafted islets was slightly increased compared to that 
of unmodified islets, all the transplanted islets were rejected within 
20 days. To verify the synergistic effect of surface camouflage using 
6-arm-PEG-catechol and FK506, 0.2 mg/kg of FK506 was daily 
administrated after 6-arm-PEG-catechol grafted islets or unmodi¬ 
fied islets were transplanted. FK506 did not improve the MST of 
unmodified islets, and the islets in all of the mice were completely 
rejected within 2 weeks (MST: 10.0 ± 2.9 days). However, when 
FK506 was daily administered after 6-arm-PEG-catechol grafted 
islets were transplanted, MST of the islets was increased up to 
21.0 ± 1.9 days. Thus, the results of the statistical analysis (p < 0.01) 
show that the treatment of FK506 for 6-arm-PEG-catechol grafted 
islets could increase the survival time of islets unlike the unmodi¬ 
fied islets in xenotransplantation. 

On day 15 of transplantation, the left kidney containing trans¬ 
planted islets was nephrectomized and immunostained to analyze 
the secretion of insulin and recruitment of immune cells (Fig. 6). In 
the case of unmodified islets, most of islets disappeared, and a little 
amount of secreted insulin was detected. In contrast, many CD4 + , 
CD8a + and CD20 + positive immune cells were detected at the graft 
transplanted site. On the other hand, tissue containing 6-arm-PEG- 
catechol grafted islets had higher amounts of islet cell mass and 
insulin than the control. CD8a + and CD20 + positive immune cells 
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Fig. 10. Illustration of convergent protocol for islet immunoprotection. 


were rarely detected around the transplanted site. However, CD4 + T 
cells were still detected near the transplanted site, explaining that 
the grafted 6-arm-PEG-catechol could not attenuate the T cell 
activation. Therefore, CD4 + T cells might be the main reason why 
FK506 could not significantly prolong the survival time of 6-arm- 
PEG-catechol grafted islets in xenotransplantation. 

To prevent the CD4 + T cell activation, which is triggered by 
migrated antigen from transplanted islets, anti-CD154 monoclonal 
antibody (MR1) was additionally administered (Fig. 7). MR1 could 
increase the survival time of transplanted islets in each case of 
unmodified islets and 6-arm-PEG-catechol grafted islets. Both MR1 
and FK506 further increased the survival time of transplanted 
islets. Upon injection of MR1 and FK506, all recipients receiving 6- 
arm-PEG-catechol grafted islets maintained the normal glucose 
level until nephrectomy at day 50 of transplantation. When 6-arm- 
PEG-catechol grafted islets were treated with MR1 and FK506, the 
blood glucose level was more stably maintained in the normal 
range without any fluctuation although the MST of these islets was 
not statistically different from that of the unmodified islets. 

As shown in Fig. 8, large mass of insulin positive cells was 
detected, and CD4 + and CD8a + T cells and CD20 + B cells were rarely 
detected around the transplant site when 6-arm-PEG-catechol 
grafted islets were transplanted with administering MR1 and FK506. 

IPGTT confirmed glucose responsiveness of the 6-arm-PEG- 
catechol grafted islets treated with FK506 and MR1 at day 50 of 
transplantation (Fig. 9). After a high dose of glucose was adminis¬ 
tered to the normal mice, the blood glucose level was slightly 
increased and rapidly returned to the normal range within 2 h. On 
the other hand, the blood glucose level of diabetic mice remained 
greater than 500 mg/dl after 15 min of the glucose injection. In the 
case of 6-arm-PEG-catechol grafted islets, the blood glucose level 
profile was similar to that of normal mice, indicating that 6-arm- 
PEG-catechol grafted islet recipients treated with FK506 and MR1 
had a normal glucose sensitivity until day 50 of transplantation. 

4. Discussion 

In this study, we developed a new convergent protocol for the 
xenotransplantation of pancreatic islets by surface camouflage 
using polymer and immunosuppressive drugs such as FK506 and 
MR1. Six-arm-PEG-catechol effectively covered the islet surfaces, 
and the catechol moiety was used to play a major role in conju¬ 
gating 6-arm-PEG on the islet surface. The catechol moiety is 


a component extracted from Mydlus edulis foot protein 1 (Mefp-1), 
which is known as mussel adhesive proteins, and it works as 
a surface-independent anchor molecule [18,19]. Oliogo or multi- 
merized catechol molecules can bind to the versatile surfaces 
including hydrophobic, fluorine-containing materials and even 
extra hepatic areas [20-23]. Since the isolated pancreatic islets 
were fully covered by collagen matrix, 6-arm-PEG-catechol would 
be conjugated onto collagen matrix without their conjugation on 
the cell membrane under the optimized condition. If the conjuga¬ 
tion time was increased, PEG molecules could diffuse into islets and 
reduce cell viability. In this study, 6-arm-PEG-catechol completely 
covered the surface of islets without causing any damage on islet 
cell viability and their functionality. 

In xenotransplantation, when the survival time of 6-arm-PEG- 
catechol grafted islets and unmodified islets were compared, the 
survival time of islets was not improved by grafting of 6-arm-PEG- 
catechol. Although surface camouflage might inhibit the immune 
cell recognition and infiltration, it would not prevent the activation 
of immune cells and secretion of cytokines from activated immune 
cells. To overcome the limitation of surface camouflage technology 
of islets, we introduced a low dose of FK506 as a calcineurin 
inhibitor, which was used in what is known as the “Edmonton 
protocol” [1,24,25]. When a low dose of FK506 was continuously 
administered after the transplantation of 6-arm-PEG-catechol 
grafted islets, its mean survival time was prolonged twice since 
FK506 inhibited the secretion of cytokines by interfering with the 
production of IL-2 by T cells, thereby attenuating the recruitment of 
CD20 + B cells and CD8a + T cells around the transplanted site [26], 
CD4 + T cells, however, were still present around the transplanted 
site but without infiltrating, and this activation of CD4 + T cells was 
the reason that the survival time of the transplanted islet was not 
significantly increased. 

Finally, MR1 (co-stimulatory receptor binding molecule) was 
additionally administered with FK506 to the recipients that 6-arm- 
PEG-catechol grafted islets were transplanted. All recipients in this 
group maintained their normal blood glucose level up to day 50 of 
transplantation. In addition, 6-arm-PEG-catechol grafted islets 
were well preserved around the transplanted site at day 50 of 
transplantation without recruiting CD20 + , CD4 + , and CD8a + T cells 
around the 6-arm-PEG-catechol grafted islets. 

Several clinical studies have reported that MR1 is a potent drug 
candidate for improving the islet graft survival rate. However, MR1 
has not been approved for the current drug market because of its 
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potential for triggering thromboembolism [27,28]. In this study, 
only 20% of the established MR1 concentration (0.5 mg/mice) with 
a low dose of FK506 was used in combination to prevent host 
immune reactions. Therefore, the synergistic effect of surface 
camouflage using 6-arm-PEG-catechol and MR1 and FK506 could 
reduce adverse effects of the immunosuppressive drugs by 
enhancing their immunoprotective effects. 

5. Conclusion 

The newly developed protocol of the surface camouflage of 
pancreatic islets using 6-arm-PEG-catechol and co-administration 
of immunosuppressive drugs such as MR1 and FK506 would 
certainly be an effective combination therapy for the pancreatic 
islet xenotransplantation. The effects of convergent technology 
would be summarized as shown in Fig. 10: i) Surface camouflage 
using 6-arm-PEG-catechol prevented the infiltration of immune 
cells and inhibited the antigen recognition; ii) The low dose of 
FK506 alleviated the inhibition of cytokine secretion from host 
immune cells, iii) MR1 prevented T cell activation. 
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